Depending on the circumstance, FOXO (Forkhead O) (FOXO1, FOXO3, and FOXO4) transcription factors activate the expression of markedly different sets of genes to produce different phenotypic effects. For example, distinct FOXO-regulated transcriptional programs stimulate cell death or enhance organism life span. To gain insight into how FOXOs select specific genes for regulation, we performed a screen for genes that modify FOXO activation of TRAIL, a death receptor ligand capable of inducing extrinsic apoptosis. We discovered that the bZIP transcriptional repressor NFIL3 (nuclear factor interleukin 3-regulated) hindered FOXO transcription factor access to chromatin at the TRAIL promoter by binding to nearby DNA and recruiting histone deacetylase-2 (HDAC2) to reduce histone acetylation. In the same manner, NFIL3 repressed expression of certain FOXO targets-e.g., FAS, GADD45a (growth arrest and DNA damage-inducible, a), and GADD45b-but not others. NFIL3, which we found to be overexpressed in different cancers, supported tumor cell survival largely through repression of TRAIL and antagonized hydrogen peroxide-induced cell death. Moreover, its expression in cancer was associated with lower patient survival. Therefore, NFIL3 alters cancer cell behavior and FOXO function by acting on chromatin to restrict the menu of FOXO target genes. Targeting of NFIL3 could be of therapeutic benefit for cancer patients. PI3K signaling to FOXO controls fundamental biological processes such as apoptosis, metabolism, aging, proliferation, cell cycle, and development (Manning and Cantley 2007). Paradoxically, FOXOs mediate increased life span or induce apoptosis and cell cycle arrest, depending on their regulation and environment (Calnan and Brunet 2008) . Although AKT is a major FOXO regulator, a proportion of endogenous FOXO can remain active in the nucleus in the setting of PI3K pathway activation (Chen et al. 2010) . In addition to phospho-regulation by AKT and other protein kinases, the acetylation and ubiquitination of FOXO control its activity (Calnan and Brunet 2008) .
Upon receptor tyrosine kinase activation, class I phosphoinositide 3-kinases (PI3Ks) catalyze the formation of the lipid second messenger phosphatidylinositol (3, 4, 5) tris-phosphate (PIP 3 ) (Manning and Cantley 2007) . Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) dephosphorylates PIP 3 to antagonize PI3K. One of the major outputs of the PIP 3 signal is the inactivation of FOXO (Forkhead O) transcription factors by the serine/ threonine kinase AKT/PKB (v-akt murine thymoma viral oncogene homolog, protein kinase B). AKT phosphorylation of FOXO1, FOXO3, and FOXO4 (hereafter referred to as FOXOs) promotes their interaction with 14-3-3 proteins and cytoplasmic sequestration from their DNAbinding sites on chromatin (Calnan and Brunet 2008) . PI3K signaling to FOXO controls fundamental biological processes such as apoptosis, metabolism, aging, proliferation, cell cycle, and development (Manning and Cantley 2007) . Paradoxically, FOXOs mediate increased life span or induce apoptosis and cell cycle arrest, depending on their regulation and environment (Calnan and Brunet 2008) . Although AKT is a major FOXO regulator, a proportion of endogenous FOXO can remain active in the nucleus in the setting of PI3K pathway activation (Chen et al. 2010) . In addition to phospho-regulation by AKT and other protein kinases, the acetylation and ubiquitination of FOXO control its activity (Calnan and Brunet 2008) .
The PI3K/PTEN/FOXO pathway is commonly modified in cancer to promote inactivation of FOXOs. Inactivating mutations of the tumor suppressor PTEN and activating mutations of the proto-oncogene PIK3CA (encoding PI3Ka catalytic subunit) that promote AKT phosphorylation of FOXOs are found at a high frequency in an array of cancers (Li et al. 1997; Samuels et al. 2004; Saal et al. 2005) . Although FOXOs are rarely directly inactivated in human cancer, mouse models indicate that FOXO genes suppress spontaneous tumor development and are partially redundant (Paik et al. 2007 ). On the other hand, prooncogenic roles for FOXO factors have been recently identified in acute myelogenous leukemia (AML) and breast cancer, highlighting that the paradoxical nature of these factors is also seen in cancer (Chen et al. 2010; Sykes et al. 2011) .
One consequence of inhibition of the PI3K pathway is the induction of FOXO-mediated feedback loops that counteract inhibition of the pathway. For instance, PI3K pathway inhibitors, including exogenous PTEN, induce mRNA expression of pathway components such as INSR (insulin receptor), IRS2 (insulin receptor substrate 2) ERBB3 (v-Erb-B2 erythroblastic leukemia viral oncogene homolog 3), and IGF1R (insulin-like growth factor 1 receptor) via conserved homeostatic feedback mechanisms (Hong et al. 2000; Simpson et al. 2001; Chandarlapaty et al. 2011) . We hypothesized that transcripts whose levels are altered by inhibiting the PI3K pathway via PTEN in microarray gene expression experiments could be enriched for additional as yet undetermined modifiers of FOXO transcription factor function. To explore this, expression vectors corresponding to a series of PTEN-regulated genes were constructed and screened for their ability to affect the activation of a FOXOregulated reporter gene derived from the TRAIL promoter. In this manner, NFIL3 (nuclear factor interleukin 3-regulated) was identified as a modulator of FOXO output.
NFIL3, also known as E4BP4 (E4-binding protein 4), is a homodimer bZIP transcriptional repressor and activator that was originally identified for its ability to bind the adenoviral E4 promoter and, later, the IL3 promoter (Cowell 2002) . NFIL3 inhibits apoptosis in B cells and motor neurons (Ikushima et al. 1997; Cowell 2002) . NFIL3 is also required for natural killer cell development and IgE class switching (Gascoyne et al. 2009; Kashiwada et al. 2010) . Several stimuli induce the expression of NFIL3, including IL3, IL4, dexamethasone, and circadian rhythm (Cowell 2002; Kashiwada et al. 2010 ). Here we show that NFIL3 binds to chromatin and histone deacetylase-2 (HDAC2) to favor a closed chromatin state, which prevents FOXO transactivation of the genes encoding TRAIL (tumor necrosis factor ligand superfamily, member 10A [TNFSF10A]), FAS (TNF receptor superfamily, member 6 [TNFRSF6]), GADD45a (growth arrest and DNA damageinducible, a [GADD45A]), and GADD45b (GADD45B). We went on to find that NFIL3 regulates only a portion of FOXO target genes, maintains cancer cell survival and resistance to oxidative stress, and is often overexpressed in poor prognosis cancer.
Results

NFIL3 is a candidate regulator of the PI3K/PTEN/ FOXO pathway
Given that PTEN induces feedback regulation of components of the PI3K pathway, we hypothesized that gene sets whose expression is altered by PTEN in microarray studies would be enriched for novel regulators of FOXO (Fig. 1A) . Of the PTEN-regulated genes identified in four previously published independent genome-wide mRNA expression microarray studies, 34 were differentially expressed by at least twofold and had available cDNAs in the Human Orfeome Library 1.1 to facilitate expression vector preparation (Supplemental Fig. 1A ; Hong et al. 2000; Matsushima-Nishiu et al. 2001; Simpson et al. 2001; Stolarov et al. 2001) . These 34 genes were screened for their ability to affect PI3K pathway activity.
In order to measure changes in PI3K pathway activity in response to the overexpression of the identified PTENregulated genes, we sought out an amenable reporter gene. A side-by-side comparison of six published FOXOregulated luciferase reporters revealed that the TRAIL reporter gave the best induction with exogenous PTEN in log growth HEK293 (human embryonic kidney) cells (Supplemental Fig. 1B ; Modur et al. 2002) . The TRAIL reporter was also induced by the PI3K inhibitor wortmannin, blocked by exogenous dominant-negative FOXO1 (DN-FOXO1, containing the DNA-binding domain but not the transactivation domain), and inhibited by exogenous activated Myr-AKT (Supplemental Fig. 1C -E). These data suggest that TRAIL reporter activity reflects PI3K signaling flux through endogenous FOXOs.
Next, we tested each of the 34 PTEN-regulated genes for their ability to alter TRAIL reporter activity in HEK293 cells. Of these 34 genes, NFIL3 had the greatest effect (Fig. 1B) . NFIL3 expression impeded PTEN-induced reporter activity and also antagonized wild-type FOXO1-induced TRAIL reporter activity ( Fig. 1B; Supplemental  Fig. 1F ). Several approaches were taken to confirm whether NFIL3 was a modulator of the TRAIL promoter. We found that NFIL3 shRNA increased TRAIL reporter activity and increased endogenous TRAIL gene expression (measured by quantitative RT-PCR [qRT-PCR]) ( Fig. 1C-E) . We also found that exogenous PTEN cooperated with NFIL3 shRNA to induce endogenous TRAIL expression in the glioblastoma cell line U87MG (Supplemental Fig. 1G ). Chromatin immunoprecipitation (ChIP) analysis showed that NFIL3 associated with the proximal region of the endogenous TRAIL promoter under uninduced conditions, whereas FOXO1 did not (Fig. 1F) ; as a positive control, we found that FOXO1 associated with the INSR promoter under these conditions (Supplemental Fig. 1H ). NFIL3 did not, however, behave as a general modulator of FOXO transcription factor function, since it did not affect either a synthetic (IRS x 3-luciferase) or another gene-based FOXO-dependent luciferase reporter (IRS2-luciferase) (data not shown). These data are consistent with NFIL3 acting as a repressor of TRAIL gene expression and as a potential regulator of FOXO output at other genes.
FOXO1-and NFIL3-binding sites are adjacent on the TRAIL promoter To examine the mechanism by which NFIL3 and FOXO1 regulate TRAIL, we mapped the responsible regulatory sites using mutated luciferase reporters. While reporter-based experiments have caveats such as potentially disrupting spatial relationships between factors, they still provide information that can be useful. A truncated TRAIL reporter that contains only 165 base pairs (bp) from the 1.5-kb initial sequence was also regulated by PTEN and NFIL3 (Supplemental Fig. 2A ). Next, we prepared and tested a series of reporter deletions within the 165-bp region ( Fig. 2A-B) . Deletion-4 (D4), which removes À60 to À1 of the TRAIL promoter containing putative FOXOand NFIL3-binding sites, was defective for regulation by PTEN and NFIL3 ( Fig. 2A,B; Supplemental Fig. 2B ). Despite having reduced overall activity, a reporter driven by this 60-bp sequence was modulated by PTEN and NFIL3, demonstrating that it is necessary and sufficient for PTEN/NFIL3 regulation (Supplemental Fig. 2A ). Deleting the putative NFIL3 site from the TRAIL reporter led to a loss in NFIL3 repression but not PTEN (or FOXO1) induction ( Fig. 2C; Supplemental Fig. 2C ). Mutating the predicted FOXO site led to a loss of PTEN (and FOXO1) induction, but NFIL3 repression was retained ( Fig. 2D ; Supplemental Fig. 2C ). Based on these results, FOXO1 and NFIL3 appear to regulate TRAIL using separable binding sites that are in close proximity to each other.
NFIL3 regulates transcription in concert with HDACs
Transcriptional repression can be mediated via HDACdependent and -independent mechanisms ( Fig. 3A ; Minucci and Pelicci 2006) . To gain insight into whether NFIL3 repressed transcription with HDACs, we investigated NFIL3-and HDAC DNA-binding properties on the TRAIL promoter by performing avidin-biotin complex DNA assays. Nuclear lysates prepared from transfected HEK293 cells were incubated with biotinylated DNA, and DNA-protein complexes were isolated. NFIL3 bound well to the minimal 60-bp wild-type TRAIL promoter fragment but poorly to a mutant fragment lacking the NFIL3-binding site. In contrast, histone H2B (control) bound the wild-type and mutant TRAIL promoter fragments equally well (Fig. 3B) . We next examined the chromatin deacetylating proteins HDAC1, HDAC2, and SIRT1 (silent mating type information regulation 2 homolog 1) for TRAIL promoter binding. We found that HDAC2 DNA binding mirrored that of NFIL3 (Fig. 3B ), while the other tested HDACs were not observed to bind the DNA. These data demonstrate that the NFIL3-binding site is required for in vitro association of NFIL3 and HDAC2 with the TRAIL promoter. Since both NFIL3 and HDAC2 are known transcriptional repressors (Cowell 2002; Minucci and Pelicci 2006) , the above DNA-binding data for NFIL3 and HDAC2 indicated that these factors may associate with each other in a repressor complex. To address this possibility, we performed coimmunoprecipitations with transfected HEK293 nuclear extracts. V5-NFIL3 coimmunoprecipitated with FL-HDAC2 from nuclear extracts using either a monoclonal antibody to the V5 epitope tag on NFIL3 or the Flag epitope tag on HDAC2 (Supplemental Fig. 3A,B) . Furthermore, endogenous HDAC2 coprecipitated with endogenous NFIL3 using antibodies that recognize NFIL3 or HDAC2, supporting the idea that these proteins reside in a repressor complex together (Fig. 3C,D) ; we also investigated whether NFIL3 coprecipitated with HDAC1 and failed to detect an interaction (Fig. 3C ). To functionally assess HDAC2 regulation of TRAIL, we exogenously expressed HDAC2 in TRAIL reporter assays. HDAC2 inhibited TRAIL reporter activity (Fig. 3E ). In addition, the HDAC inhibitors suberoylanilide hydroxamic acid (SAHA) or trichostatin A (TSA) induced endogenous TRAIL expression in HEK293 cells (Fig. 3F) . Finally, HDAC inhibition with SAHA significantly reduced the ability of NFIL3 to repress TRAIL reporter activity (Supplemental Fig. 3C ).
Given that NFIL3 depends on HDAC activity to inhibit the TRAIL reporter and that FOXO1 is known to be acetylated, we wanted to determine whether the acetylation state of FOXO1 is important for its antagonism by NFIL3/HDAC2. We found that the acetylation-defective mutant for FOXO1 (6KR) was still antagonized by NFIL3, suggesting that the acetylation of FOXO1 (at least on these residues) is not important for NFIL3/HDAC2 inhibition of this reporter (Supplemental Fig. 3D ). The acetylation mimetic mutant of FOXO1 (6KQ) failed to induce the TRAIL reporter. In sum, HDAC activity is important for NFIL3 repression of TRAIL. This regulation is operational with the FOXO 6KR mutant, suggesting that the deacetylation of histones may be important for this regulatory mechanism.
NFIL3 shRNA targeting activates a cohort of FOXO-induced genes
To investigate the breadth of NFIL3-regulated targets and their potential relationship to other FOXO-regulated genes, we performed gene expression profiling with total RNA from HEK293 cells treated with shRNA against NFIL3 or control shRNA. A relatively small number of genes, 289, were induced by at least twofold by NFIL3 shRNA (Supplemental Table 1 ). Knockdown of NFIL3 with two different shRNA hairpins strongly induced several known FOXO-activated genes, including GADD45a, GADD45b, and CDKN1A (cyclin-dependent kinase inhibitor 1A, encodes p21) ( Fig. 4A ,B; Supplemental Table  1 ; Gomis et al. 2006; Calnan and Brunet 2008) , whereas other FOXO target genes were not induced (CDKN1B, SOD2, and FASLG) (Fig. 4B) . A striking induction of the cell death receptor FAS was also observed. To confirm microarray findings, genes from Figure 4 , A and B, and Supplemental Table 1 were examined by qRT-PCR after NFIL3 or control shRNA treatment of the cell lines HEK293 and BT549 (PTEN mutant basal-like breast cancer cell line). qRT-PCR confirmed 20 of 20 NFIL3 shRNAinduced genes in HEK293s and 16 of 24 NFIL3 shRNAinduced genes in BT549s; NFIL3 shRNA also induced FOXO target genes CDKN1A, FAS, and GADD45b in the glioblastoma cell line U87MG (Supplemental Table 2 ). We further investigated the regulation of NFIL3 target genes and found that HDAC2 shRNA induced a high fraction of these genes (Supplemental Tables 2, 3 ). To examine whether the NFIL3 targets could be FOXOregulated as well, exogenous activated FOXO1-AAA (mutated on AKT phosphorylation sites) was transfected into HEK293 and BT549 cells, and gene expression was measured. FOXO1-AAA induced many of the NFIL3 shRNA-induced genes (Supplemental Tables 2,  3) , demonstrating a partial overlap between NFIL3 and FOXO1-regulated genes. To ensure that gene expression changes induced by NFIL3 shRNA were dependent on the loss of NFIL3 expression, we treated BT549 cells that expressed lentivirally delivered mouse Nfil3 (which is insensitive to the human NFIL3 shRNA) or a GFP control with human NFIL3 shRNA and examined gene expression. We found that the induction of GADD45a and TRAIL was substantially rescued in samples that expressed mouse Nfil3 (Supplemental Fig. 4A-C) . Overall, these results show that a reduction in NFIL3 or HDAC2 induced a number of FOXO target genes, many of which are known to be involved in stress response and apoptosis. To further investigate the ability of NFIL3 to regulate FOXO targets, we performed gene set enrichment analysis (GSEA) with experimentally determined PI3K/PTEN/ FOXO pathway gene sets (Matsushima-Nishiu et al. 2001; Ramaswamy et al. 2002; Subramanian et al. 2005; Gomis et al. 2006; Terragni et al. 2008) . GSEA with HEK293-and BT549-derived microarray data revealed that genes induced by FOXO1, the PI3K inhibitor LY294002, and exogenous PTEN were enriched in NFIL3 knockdown samples ( Fig. 4C-F; Supplemental Fig. 4D ). However, even in the case of the Ramaswamy class 2A FOXO1 gene set, which had a normalized enrichment score (NES) of 1.63, many FOXO1 targets were not induced by NFIL3 shRNA. GSEA was also performed with >1400 curated gene sets (Broad Institute Molecular Signatures Database, none of which were PI3K/PTEN/ FOXO-regulated) in combination with experimentally determined PI3K/PTEN/FOXO pathway gene sets to compare enrichment levels. Three of the experimentally derived PI3K/PTEN/FOXO pathway-induced sets were in the top 10% of enriched gene sets in NFIL3 shRNA samples, grouping them at the leading edge of enrichment (Supplemental Table 4 ). The partial enrichment of FOXO target genes after NFIL3 shRNA supports the idea that NFIL3 regulates only a subset of FOXO target genes.
We next examined the GSEA results with NFIL3 shRNA microarray data and >1400 curated sets (Molecular Signatures Database). Gene sets were ranked by NES. Strikingly, eight of the 50 most enriched gene sets (comprising the top third percentile of NFIL3 shRNAenriched gene sets) were induced by HDAC inhibition ( Fig. 4G ; Supplemental Table 5 ), suggesting that HDACs act in concert with NFIL3 to regulate these genes. In a converse manner, GSEA was performed using microarray data from the cancer cell line RJ225 (Burkitt's lymphoma) treated with TSA (Gialitakis et al. 2006) . We found that TSA-treated samples had significant enrichment for gene sets induced by FOXO1, LY294002, and PTEN (Supplemental Fig. 4E ). These results indicate that NFIL3 and HDACs repress a cohort of FOXO target genes. However, the scope of NFIL3 gene regulation (only 289 genes were induced by twofold or more by NFIL3 shRNA) is much narrower than the scope of genes globally regulated by HDACs. NFIL3 likely hones HDACs to a small portion of their targets, including a cohort of FOXO-regulated genes. Moreover, NFIL3 and FOXO target genes only partially overlap, suggesting that NFIL3 hinders only a portion of FOXO activity.
Residual nuclear FOXO is present in PTEN-null settings
We were surprised that NFIL3 shRNA induced FOXO target genes in PTEN mutant BT549 cells, since strong AKT activation would be expected to phosphorylate FOXO and signal its retention in the cytoplasm. To examine whether FOXO is present in the nuclei, we performed subcellular fractionation on cell extracts from PTEN wild-type HEK293 cells, mouse embryonic fibroblasts (MEFs; PTEN wild-type and deleted), and PTEN mutant BT549 and MDA-MB-468 cancer cells ( Fig. 5A ; Supplemental Fig. 5A-E) . FOXO was detected in the nucleus and cytoplasm of both PTEN wild-type and PTEN mutant cells, with less nuclear FOXO in the PTEN mutant cells ( Fig. 5A; Supplemental Fig. 5A ). Antibodies were validated with siRNA against FOXO1 and FOXO3 and Cre treatment of MEFs in which the Foxo genes are flanked by lox sites (Supplemental Fig. 5B,D,E) . In addition, Table 5 for a complete list of the 50 most enriched curated gene sets in NFIL3 shRNA samples.
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Cold Spring Harbor Laboratory Press on December 18, 2017 -Published by genesdev.cshlp.org Downloaded from indirect immunofluorescence of FOXO3 in BT549 cells revealed that 16.9% of the 225 cells checked had nuclear FOXO3 (Fig. 5B ). Once we established that FOXO was present in the nucleus, we next sought to determine whether NFIL3 had an impact on FOXO localization. Subcellular fractionation experiments with BT549 cells treated with NFIL3 shRNA revealed that reduction of NFIL3 had no effect on FOXO localization (Supplemental Fig. 5F ). In sum, these data indicate that FOXO is present in the nucleus even when AKT is highly activated and therefore susceptible to regulation by NFIL3 on chromatin.
NFIL3 blocks FOXO promoter recruitment on chromatin
We next set out to determine whether NFIL3 interferes with FOXO's ability to bind to the promoters of endogenous FOXO target genes. Reporter assays had revealed that the NFIL3-binding site was required for TRAIL repression. In addition, predicted NFIL3-binding sites were present in the promoters of FOXO target genes induced by NFIL3 shRNA. To shed further light on the mechanism employed by NFIL3 to regulate FOXO1 output, we performed ChIPs using antibodies to endogenous proteins with extracts from HEK293 or BT549 cells in which NFIL3 had or had not been diminished with shRNA. We found that NFIL3 shRNA-treated samples had significantly lower NFIL3 binding and higher FOXO1 binding to promoters for genes such as TRAIL, GADD45a, GADD45b, and FAS ( Fig. 6A,B ; Supplemental Table 6 ). Furthermore, these FOXO target genes had higher histone H3 and H4 acetylation in NFIL3 shRNA-treated samples as measured by ChIP, whereas total histone H3 binding remained the same or decreased on these promoters ( Fig.  6A,B ; Supplemental Table 6 ).
We also examined whether an environmental cue could recapitulate the FOXO1/NFIL3 chromatin-binding dynamics that were observed with NFIL3 shRNA treatment. To do this, we examined DNA binding after cells were treated with 250 mM H 2 O 2 (conditions that are known to activate FOXO). We found that H 2 O 2 treatment markedly reduced total NFIL3 protein, decreased NFIL3 and HDAC2 recruitment to the GADD45a promoter, and increased FOXO1 binding as well as histone H3 and H4 acetylation on the GADD45a promoter (Fig. 6C,D) . Interestingly, the reduced NFIL3 protein after H 2 O 2 treatment was associated with induction of NFIL3 mRNA, which may be indicative of feedback regulation of NFIL3 protein levels (Supplemental Fig. 6A ). Thus, depletion of NFIL3 protein after treatment with H 2 0 2 induced FOXO1 promoter recruitment and increased histone acetylation of particular FOXO target genes.
The recruitment of FOXO1 to target promoters following NFIL3 knockdown suggests that these genes were induced in a FOXO-dependent manner. To test this hypothesis, we measured the induction of FOXO target genes in FoxO1, FoxO3, and FoxO4 triple-knockout MEFs. To do this, 1°MEFs with flox/flox FoxO1, FoxO3, and FoxO4 were treated with either Ad-GFP or Ad-Cre to obtain triple-knockout cells and controls. The Cre-mediated loss in FoxO expression was confirmed by qRT-PCR for recombinant deletion products (Supplemental Fig. 6B ). The resultant control and triple-knockout MEFs were treated with Nfil3 targeting shRNA, and gene expression was measured by qRT-PCR. We found that triple-knockout MEFs had substantially diminished inductions of the FoxO target genes Gadd45a, Gadd45b, and Fas in Nfil3 shRNA-treated samples ( Fig. 6E; Supplemental Fig.  6C ). The partial rescue found with triple-knockout cells could be due to incomplete recombination, which we detected in parallel isolates of these cells, and/or the participation of other factors in this regulation. Hence, the Nfil3 regulation of Gadd45a, Gadd45b, and Fas in MEFs is substantially dependent on FoxO.
NFIL3 expression in cancer is associated with poor prognosis
Given that NFIL3 modulates FOXO activity, which is important for tumor development, we investigated NFIL3 expression in cancer. Query of the Oncomine Database revealed that NFIL3 was highly expressed in many different cancers, including basal-like breast cancer and glioblastoma multiforme (Supplemental Fig. 7A ; Rhodes et al. 2007) . NFIL3 expression in basal-like breast cancer was confirmed by qRT-PCR (Fig. 7A) . NFIL3 levels were higher in the more aggressive luminal B breast cancer subtype relative to the less aggressive luminal A (Fig. 7B,C We examined the relationship between NFIL3 expression and cancer survival by performing Kaplan-Meier analysis with a data set of 295 breast tumors that included corresponding patient survival data (van de Vijver et al. 2002) . Samples were divided into two equal groups based on NFIL3 levels. High NFIL3 expression was strongly correlated with poor survival (P = 0.003) (Fig. 7D) . Because basal-like breast cancer confers a poor prognosis and NFIL3 is highly expressed in basal-like breast cancer, we wanted to determine whether NFIL3 correlated with prognosis in other subtypes of breast cancer. The association between NFIL3 and survival was also found in 249 non-basal-like breast cancer samples (P = 0.0186) (Fig. 7H) , indicating that NFIL3 expression is strongly correlated with poor prognosis in breast cancer regardless of the subtype. Furthermore, expression levels of FOXO1 target genes that were repressed by NFIL3 were found to be associated with good prognosis in breast cancer ( Fig. 7E-G; Supplemental Fig.  7B-D) , suggesting that the repression of these genes by NFIL3 facilitates poor prognosis. In contrast, a number of previously published FOXO1 target genes that were not repressed by NFIL3 in our microarray analysis were strongly associated with poor prognosis in breast cancer: CD72, NFAT5, CD14, and SOD2 (Supplemental Fig. 7E-H ; Fan et al. 2010; Ochiai et al. 2012 ). For these FOXO target genes that were not repressed by NFIL3, we observed the constitutive association of FOXO1 to the promoters by ChIP (Supplemental Fig. 7I ). Thus, in poor prognosis tumors, NFIL3 appears to hinder FOXO1 transactivation of target genes involved in triggering cell death and cell cycle arrest but does not hinder the expression of other sets of FOXO1 targets, which are often well expressed in these tumors.
NFIL3 inhibits apoptosis in solid tumor cell lines
NFIL3 is a survival factor in B lymphocytes and neurons (Ikushima et al. 1997; Cowell 2002) . To investigate the role of NFIL3 in cell survival in epithelial cell lines, we reduced its expression in MCF10A, BT549, and MDA-MB-468 cells by shRNA and found that NFIL3 reduction induced apoptosis and, depending on the cell line, some combination of FOXO target genes (TRAIL, GADD45a, GADD45b, and/or FAS) (Fig. 8A,B Table 7 ). HDAC2 shRNA similarly induced apoptosis in MCF10A cells (Supplemental Fig.  8A,B) . To determine the specificity of human NFIL3 shRNA in triggering cell death, experiments were performed in the presence of lentivirally delivered mouse Nfil3, which is resistant to human NFIL3 shRNA. Cell death was substantially rescued by mouse Nfil3 (Supplemental Fig. 8E-G) . The cell death was also significantly rescued by shRNA targeting of TRAIL (Supplemental Fig. 8H ). In a converse manner, NFIL3 overexpression inhibited H 2 O 2 -induced apoptosis in both the presence and absence of exogenous PTEN in the glioblastoma cell line U87MG (Fig. 8C,D) and also suppressed H 2 O 2 -induced inhibition of viable cell growth in PTEN mutant BT549 and MDA-MB-468 cancer cells (Fig. 8E-G) . Consistent with these results, H 2 O 2 induced FOXO target genes (a combination of GADD45a, GADD45b, and/or FAS, depending on the cell line) (Supplemental Tables 3,  7) . These results suggest a role for NFIL3 in cancer cell survival and highlight the ability of NFIL3 to antagonize the proapoptotic effect of PTEN and FOXO.
Discussion
Reporter screen identifies NFIL3 as a modulator of FOXO transcription factor output PI3K pathway inhibition induces the transcription of a number of its components, including INSR, IRS2, IGF1R, and ERBB3. We exploited this aspect of known PI3K/ NFIL3 modulates selection of FOXO target genes PTEN homeostatic transcriptional circuitry to identify a novel pathway modulator, NFIL3. We screened PTENregulated genes from microarray studies for the ability to affect a reporter of FOXO transcription factor output derived from the TRAIL promoter. As a result, we found that NFIL3 in concert with HDAC2 repressed certain FOXO targets involved in tumor suppression (TRAIL, GADD45a, GADD45b, and FAS) by interfering with nuclear FOXO1 promoter binding and histone acetylation (Figs. 1-6 ). Our findings support a model in which NFIL3 influences cancer patient survival by working with HDAC2 to interfere with the ability of FOXOs to activate target promoters involved in apoptosis and other responses to stress (Figs. 7, 8) . This mechanism appears to be distinct from the regulation of FOXO by AKT or acetylation and is specific to only a subset of FOXO target genes. In addition, NFIL3/HDAC2 also regulate non-FOXO targets, which may also impact cancer patient and cell survival (Fig. 8H) .
NFIL3 blocks FOXO1 regulation of a cohort of tumor-suppressive target genes FOXO transcription factors are controlled by numerous mechanisms such as phosphorylation, acetylation, methylation, and ubiquitination, which direct changes in stability, localization, DNA binding, and protein-protein interactions (Calnan and Brunet 2008) . Here, we present a model in which NFIL3 binds to particular FOXO target promoters, thereby blocking FOXO recruitment (Fig. 8H) . Gene expression profiling and GSEA indicated that NFIL3 regulates a subset of FOXO target genes ( Fig. 4A-F ; Supplemental Tables 1-4) . Specifically, NFIL3 shRNA treatment induced a subset of FOXO targets that regulate the cell cycle and stress response. This regulation was seen in many contexts, including HEK293s, BT549s, U87MGs, MDA-MB-468s, and a series of immortalized and primary MEF samples (Supplemental Fig. 6 ; Supplemental Tables 2, 3, 7) . Interestingly, NFIL3 blocks the association of another bZIP factor, CEBPb, to a portion of its target promoters; our GSEA results concur with this finding, as CEBPb targets were highly induced by NFIL3 shRNA (the CEBP gene set ranked second out of >1400 examined sets in Supplemental Table 5 with an NES of 2.0; Macgillavry et al. 2011) . Based on this, a model emerges whereby NFIL3 promoter binding diverts transcription factors away from subsets of target genes.
Mechanistically, we found that NFIL3 required its binding site to repress TRAIL reporter activity (Fig. 2C ) and acted at least in part with HDAC2 (Figs. 3B-E, 6D; Supplemental Fig. 3A,B) . Interestingly, NFIL3 antagonized FOXOs even in the absence of PTEN (Fig. 4A) . This led to the realization that at select target genes, NFIL3 represses the function of FOXOs that persist in the nucleus in PTEN mutant cells ( Fig. 5A; Supplemental  Fig. 5A ). To further scrutinize how NFIL3 regulates FOXO output, we examined endogenous promoter recruitment of these factors and found that reduced promoter binding of NFIL3 caused by shRNA led to increased FOXO1 promoter association as well as increased acetylation of histones H3 and H4 on promoters such as TRAIL, GADD45a, and GADD45b ( Fig. 6A,B ; Supplemental Table 6 ). Therefore, we identified a direct mechanism whereby NFIL3 promoter binding blocks FOXO recruitment to certain genes. We further showed that the induction of FoxO target genes by Nfil3 shRNA was diminished in MEFs in which FoxOs were largely deleted ( Fig. 6E ; Supplemental Fig. 6B,C) , showing that NFIL3 regulates FOXO targets in a FOXO-dependent manner. Table 1 ), allowing nuclear FOXO to activate transcriptional programs (Supplemental Fig. 7E-I ) that potentially promote cancer. In line with this idea, many of the FOXO1 targets that we found to be repressed by NFIL3 were more highly expressed in good prognosis breast cancer, whereas other FOXO1-regulated genes, not found to be repressed by NFIL3 in our work, were associated with poor prognosis breast cancer ( Fig. 7E-G; Supplemental Fig. 7E-H) . FOXO factors indeed have key positive roles in the oncogenesis of AML and breast cancer (Chen et al. 2010; Sykes et al. 2011) . Interestingly, FOXO appears to be resistant to high AKT activity in these settings, as evidenced by surprisingly high levels of nuclear FOXO observed in settings with high AKT activity, suggesting that independent FOXO regulatory mechanisms escape AKT-negative regulation ( Fig. 5; Supplemental Fig. 5 ). FOXO1 also induces OCT4 and SOX2 expression in human embryonic stem cells in a setting of high AKT activity (Zhang et al. 2011) . Our data would support the notion that elevated NFIL3 expression in cancer could modulate FOXO factors to mitigate their tumor-suppressive outputs and enhance their pro-oncogenic ones. Identifying the full spectrum of nuclear FOXO action and regulation in cancer will shed light on this emerging issue.
NFIL3 as a cell survival factor in cancer NFIL3 was previously described as a survival factor in B lymphocytes and neurons, but the mechanism has remained elusive (Ikushima et al. 1997; Cowell 2002 ). Here we show that NFIL3 shRNA up-regulated cell death genes such as TRAIL (Fig. 4 ; Supplemental Tables 2, 3) and induced apoptosis that could be substantially rescued by either nontargetable Nfil3 or the diminishment of TRAIL by shRNA ( Fig. 8A,B ; Supplemental Figs. 4A-C, 8C-H). Moreover, in cell survival assays, PTEN, likely through activation of FOXO transcription factors, suppressed the ability of NFIL3 to hinder apoptosis (Fig. 8D) . Finally, H 2 0 2 -induced apoptosis was inhibited by NFIL3, and, interestingly, H 2 0 2 treatment of cells led to the reduction of total and chromatin-bound NFIL3 and reciprocal induction of histone acelylation and activation of FOXO binding (Fig. 6C,D) . Induction of apoptosis following NFIL3 knockdown may be a feature of cancers that are adapted to high levels of NFIL3, as the knockout mouse for Nfil3 is viable (Gascoyne et al. 2009 ). It will be interesting to determine whether NFIL3 or perhaps other transcriptional repressors contribute to the selection of available FOXO target genes during normal development.
NFIL3 is highly expressed in poor prognosis cancers such as basal-like breast cancer and glioblastoma ( 7A-C; Supplemental Fig. 7A,B) , and its expression is associated with poor prognosis in breast cancer (Fig.  7D,H) . The mechanisms that drive elevated NFIL3 expression in cancer remain to be elucidated. Multiple mechanisms are likely to cause high NFIL3, which could include factors known to induce (interleukins, circadian rhythm, and glucocorticoids) or repress (TGF-b) its expression (Cowell 2002; Gascoyne et al. 2009 ). Interestingly, GSEA with >1400 curated genes sets from the Molecular Signatues Database showed that genes associated with good prognosis in breast cancer were strongly enriched in NFIL3 knockdown samples (Supplemental Table 5 ). In addition, many of the FOXO target genes that we found to be repressed by NFIL3 were also associated with good prognosis in breast cancer ( Fig. 7E-G ; Supplemental Fig. 7B-D) . Thus, NFIL3, when highly expressed in certain cancers, alters the epigenetic landscape of chromatin to functionally regulate prognosis genes.
The ability of NFIL3/HDAC2 to inhibit cell death in poor prognosis cancer has important therapeutic implications. NFIL3 shRNA only induced 289 genes by twofold in our microarray analysis (Supplemental Table 1 ), suggesting a specific transcriptional response that could conceivably be blocked by inhibitors that abrogate the NFIL3/HDAC2 interaction. An inhibitor of HDACs restricted to the HDAC2/NFIL3 transcriptional repressor complex may prove to be of great therapeutic benefit for patients with poor prognosis cancer.
Materials and methods
Reporter assays
HEK293 cells were transfected with 250 ng of luciferase reporter, 100 ng of the TK Renilla control reporter, and additional plasmids as noted using FuGENE 6 (Roche). Five-hundred nanograms of expression vectors (cDNAs in pDEST40, pCEP4 PTEN, DN-FOXO1, and Myr-AKT) was used, whereas only 100 ng of the FOXO1 vector was used. Reporter assays were done 48 h post-transfection using the Dual Luciferase assay kit (Promega) and LUMAT LB9501 luminometer (Berthold). Firefly luciferase activities were normalized using renilla luciferase.
Western blotting
Protein lysates were prepared in 23 sample buffer (125 mM TrisHCl at pH 6.8, 10% bME, 2% SDS, 20% glycerol, 0.05% Bromophenol Blue, 8 M urea); protein was resolved on 4%-20% Tris-glycine gels (Invitrogen), transferred to PVDF, and probed with indicated antibodies. The following antibodies were used: NFIL3 (H-300), Myc-9E10 (SC-40), HDAC2 (H-54), p300 (N15), and FOXO4 (N-19) from Santa Cruz Biotechnology; V5 from from Invitrogen; a-Flag (F1804), b-actin (AC-74), and HDAC3 (H3034) from Sigma; PTEN (6H2.1) from Cascade Bioscience; b-tubulin (TU-27) from Covance; FOXO3 (06-951), acetyl histone H3 (06-0599), and acetyl histone H4 (06-866) from Upstate Biotechnolog/Millipore; total histone H3 (ab1791) from Abcam; and HDAC1 (CC-2062), FOXO1 (9462), FOXO1 (C29H4), FOXO3 (75D8), AKT (9272), P-AKT-S473 (9271), P-AKT-T308 (2965), P-FOXO T24/32 (9464), and cleaved caspase 3 D175 (9661) from Cell Signaling. The SIRT1 antibody (rabbit polyclonal) was from W. Gu.
Survival analysis
Kaplan-Meier analysis was performed using microarray and survival data (van de Vijver et al. 2002) and MedCalc software. A classification of the van de Vijver 295 tumor set was used to identify non-basal-like breast cancer samples (Chang et al. 2005) .
Details of plasmid construction, subcellular fractionation, ChIPs, and qRT-PCR are in the Supplemental Material. See also Supplemental Table 8 for primer sequences.
